The monochromatic and polychromatic performance of a grating interferometer is theoretically analysed. The smallest detectable refraction angle is used as a metric for the efficiency in acquiring a differential phase-contrast image. Analytical formulae for the visibility and the smallest detectable refraction angle are derived for Talbot-type and Talbot-Lau-type interferometers, respectively, providing a framework for the optimization of the geometry. The polychromatic performance of a grating interferometer is investigated analytically by calculating the energydependent interference fringe visibility, the spectral acceptance and the polychromatic interference fringe visibility. The optimization of grating interferometry is a crucial step for the design of application-specific systems with maximum performance.
Introduction
X-ray grating interferometry is a relatively new imaging technique, giving access to two physical contrast mechanisms in addition to the conventional absorption contrast. The phase shift or the scattering intensity of the X-ray beam are complementary effects to absorption, and thus can yield additional information through increased image contrast between two materials. Using a grating interferometer, the measurement of these signals is achieved by analysing a periodic interference pattern for any changes caused by a displacement (refraction, phase shift) [1, 2] or an amplitude reduction (scattering) [3] .
Grating interferometry for multi-modal imaging recently gained considerable attention because it does not necessarily rely on highly coherent radiation from synchrotron sources, but is compatible with lowbrilliance X-ray tubes [4] . This triggered many studies, for instance in the bio-medical imaging field [5] [6] [7] , showing the potential of this technique for mainstream applicability. Although phase-shift interactions have a higher cross section than interactions by absorption for hard X-rays (δ/β ≈ 10 3 ), the eventual gain in the contrast-to-noise ratio (CNR) of two materials strongly depends on the imaging technique itself. For grating interferometry, it has been demonstrated that this gain is mainly dependent on the beam coherence, but also on the spatial sampling (e.g. the pixel size) of the signals [8, 9] . This impedes the applicability of this technique for imaging tasks where, for instance, lower spatial resolution (i.e. low-dose applications) is required, such as for medical computed tomography. On the other hand, the large set of parameters for a grating interferometer provides additional degrees of freedom for the system design and optimization. As opposed to a standard absorption-based imaging system, the performance is determined not only by the available source and detector systems, but also by the available grating technology.
The first step in the design of an imaging system is typically the selection of the design energy, which has to be compatible with the thickness and density of the objects to be examined. This determines the choice of an appropriate X-ray tube and detector system, enabling an efficient detection of X-rays in the desired energy range. Finally, an interferometer has to be designed that must be optimized for the given source and detector system.
Here, a mathematical framework for the optimization of the grating interferometer for a given source and detector system is presented. For the optimization, the concept of the smallest detectable refraction angle is used, which has also been referred to as the resolution of the refraction angle [10] or the sensitivity [11, 12] .
In §2, the smallest detectable refraction angle is derived from the signal-to-noise ratio (SNR) of a differential phase measurement. Owing to its dependence on visibility, the analytical formula for the visibility is used for a complete analytical description. In §3, the analytical optimization of the interferometer geometry, in particular the optimization of grating periods and duty cycles, is demonstrated. In §4, the polychromatic behaviour of a grating interferometer is studied by deriving the energy-dependent and the energy-integrated (polychromatic) interference fringe visibility. A detailed discussion about the difference of a π and a π/2-shifting phase grating for a polychromatic beam is presented. Apart from general and qualitative descriptions [13, 14] or simulation case studies [15] , the effect of a spectral bandwidth has so far mostly been neglected. However, understanding the dependency of the polychromatic performance of the grating interferometer is crucial for the efficient optimization of dedicated imaging systems based on conventional X-ray tubes.
The theoretical descriptions presented here of the performance by means of the smallest detectable refraction angle provide a comprehensive framework for the optimization of grating interferometry on imaging systems with a polychromatic beam. Figure 1 shows a schematic of a typical grating interferometer and its geometric parameters. It can be distinguished between two types of interferometers, the Talbot-type interferometer [1, 2] , which uses two gratings (G1 and G2), and the Talbot-Lau-type interferometer [4] , which uses an additional grating (G0). The beam splitter grating, or G1, is a phase grating which generates a periodic interference pattern of period p 2 with maximum intensity oscillations at the distances d = d m , which are given by [16] 
System parameters and performance metrics (a) System parameters
The parameter m (odd integer) is the Talbot order, d T = p 2 1 /2λ is a fractional Talbot distance and η ∈ {1, 2} determines the introduced phase shift φ of G1, which is given by φ = η · π/2. Figure 1 . System parameters of a grating interferometer. The Talbot-type interferometer consists of two gratings (G1 and G2), whereas the Talbot-Lau-type interferometer uses an additional grating in front of the source (G0).
G1 periodically shifts the phase by π/2 and zero, and thus it is referred to as a π/2-shifting phase grating. For η = 2, G1 introduces a periodic phase shift of π and zero and it is called a π -shifting phase grating. G2 is the analyser grating with periodic absorbing structures of period p 2 , translating slight changes of the interference fringes into intensity changes at the detector [2] . The geometric relation between G1 and G2 is given by
where p 11 = p 1 /η is the period of a π/2-shifting G1. The source grating, or G0, is used if the spatial coherence of the beam is too small for the interference formation [4] (Talbot-Lau configuration). The period of G0 must obey
In the phase-stepping approach of grating interferometry, the phase-stepping curve I p (x) is acquired by moving one of the gratings in the transverse beam direction over a grating period and by recording the pixel intensity at multiple, equidistant steps [14] . Assuming a monochromatic beam and taking into account the finite source size, the continuous (unsampled) phase-stepping curve is given by a convolution of the coherent interference pattern I c (x), the projected sourceintensity profile S (x) and the transmission function G(x) of G2 [16] ,
At the fractional Talbot distances d m (see equation (2.1)), the coherent interference pattern I c (x) is given by [16] I c (x) = 2I 0 T 0.5,0 (x), (2.5) where the function T κ,τ (x) is a rectangular pulse train of period p 2 , duty cycle κ and transmission coefficient τ ( figure 2 ) and I 0 is the source intensity, specifying the number of emitted photons per second and unit solid angle. The projected source profile S (x) can be either the shape of the focal spot in an X-ray tube (Talbot-type interferometer) or an array source, generated by a source grating (G0 of a TalbotLau-type interferometer). As the shape of the source influences the shape of I p (x), the projected source profiles of the Talbot-type and Talbot-Lau-type interferometers are treated separately by using S T (x) (Talbot) and S TL (x) (Talbot-Lau) and are expressed as [16] 
and
The projected source-intensity profile for the Talbot interferometer, S T (x), is assumed to be a Gaussian with a standard deviation of σ s . The true source size σ s and the projected source size σ s are related by
Similarly, the projected period of G0 is given by p 0 = p 0 · d/l = p 2 , which explains why, in equation (2.7), S TL (x) is given by the rectangular pulse train function T κ 0 ,τ 0 (x) with period p 2 . The duty cycle and the transmission of the grating lines of G0 are given by κ 0 and τ 0 , respectively. The transmission function of G2 can be expressed as [16] G(x) = T κ 2 ,τ 2 (x), (2.9) which again uses the rectangular pulse train function T κ,τ (x) displayed in figure 2, with the duty cycle κ 2 and the transmission τ 2 . The visibility V is defined as the normalized amplitude of I p (x) (equation (2.4)), given by [14] 
As I p (x) is a periodic function of period p 2 , its Fourier transform,Î p [n], is a discrete spectrum with non-zeros at the frequencies n · 1/p 2 (n ∈ N 0 ). The standard approach for the analysis of the phase-stepping curve uses only the Fourier coefficient at the frequency 1/p 2 (n = 1), as the higher frequency components are usually low and can be neglected. In this case, the visibility is given by [11] 
. In the Fourier domain, equations (2.5)-(2.7) and (2.9) are given bŷ
is the Kronecker delta function and sinc(x) = sin(π x)/π x. Using these equations, the visibility can be calculated for the Talbot and the Talbot-Lau cases,
with
For the case where G0 and G2 are ideal absorption gratings (τ = 0) with a duty cycle of κ = 0.5, the visibilities become
These equations are consistent with what has already been reported in the literature [16, 17] . It it important to point out here that the visibility of a Talbot interferometer is dependent on the grating pitches, whereas this dependency does not exist for the Talbot-Lau type.
(c) Smallest detectable refraction angle
The SNR is a widely used metric for the optimization of the system performance. For the differential phase-contrast image [1, 2] of a grating interferometer, it can be shown [12] that the SNR is given by
The signal ϕ corresponds to the lateral displacement of the interference fringes, which occurs if the beam is refracted by an angle α by the object. The noise standard deviation of the signal, given by σ ϕ , depends on the number of counts N on the detector (analogue-to-digital units; ADUs), on the visibility V and on the detector-specific parameter χ det , which specifies the number of ADUs per incoming photon [18, 19] . Other sources of noise such as jitter from mechanical instabilities or aliasing owing to the discrete sampling of the phase-stepping curve are not considered here. In equation (2.23), signal and noise are dependent on the geometric parameters. Separating this equation into a geometry-independent and a geometry-dependent part yields
Essentially, this is the same equation as equation (2.23); however, this equation specifies the signal of the refraction angle α versus its standard deviation σ α . The refraction angle α is geometry independent, and therefore the minimization of σ α can be used for the optimization of the geometry [11, 12] . Here, σ α is defined as the smallest detectable refraction angle and is given by
In the literature, α min has been referred to as the sensitivity [11, 12] . As the sensitivity has also been defined differently [10, 20] , here α min is just referred to as the smallest detectable refraction angle. The proportionality of α min to p 2 /d suggests using a small analyser grating pitch and long experimental arrangements, which can be achieved with higher Talbot order designs. However, the counterpart of long arrangements is the inverse quadratic relation with the flux for a given source and detector system. Taking into account both effects requires us to consider the timedependent α min [12] . Using equations (2.2) and (2.3) and the geometric relation s = d + l, for the Talbot interferometer, the factor p 2 /d becomes
For the Talbot-Lau interferometer, this factor becomes
The number of counts N on the detector can be expressed by [12] 
where t exp is the total exposure time (all phase steps) and a is the pixel size (quadratic pixels) of the detector. The parameter D accounts for any absorption of the X-rays in the gratings and their substrates and for the detector efficiency. By inserting equations (2.26) and (2.28) into equation (2.25) , α min for the Talbot and the Talbot-Lau interferometers becomes, respectively,
and α min,TL = 1 2π
Equations (2.29) and (2.30) show that, for a given source and detector system, α min is independent of the arrangement length s and the Talbot order m. For constant grating periods, any increase in s (and thus m), which increases the fringe signal ϕ, is compensated by the lower photon flux at the detector. This result is, strictly speaking, only valid if the spacings between G2 and the detector as well as between the source and G0 (only in the Talbot-Lau case) are much smaller than s.
α min is also independent of the phase-grating parameter η. It will be shown later that this result is only valid for the case of a monochromatic beam. Essentially, α min is mainly dependent on the grating parameters (i.e. the periods and duty cycles). In §3, a complete optimization of the geometry is presented by using equations (2.29) and (2.30) and the analytical expressions of the visibilities, which were derived in §2b (equations (2.17)-(2.20)).
Optimization of the geometry
For a full optimization of the grating interferometer geometry, a few remaining dependencies must be taken into account. For the Talbot interferometer, the flux I 0 is typically proportional to the output power of the tube or the source size (I 0 ∝ σ s ). The reduction of the flux by the nonideal transmission of G0 and G2 and by their duty cycles is considered by using D ∝ τ + κ(1 − τ ). By inserting the expressions for the visibility derived in §2 into equations (2.29) and (2.30), α min becomes
In equation (3.4), the parameter is only for the purpose of maintaining correct units. The above equations can be used to optimize all geometric parameters. In order to find optimum values, the derivatives of γ 1 , γ 2 and γ 3 can be set to zero. The optimization of γ 1 (κ, τ ) mainly involves finding the optimum duty cycle for a given transmission factor τ . No analytical solution exists for ∂γ 1 /∂κ = 0, and thus the function γ 1 (κ, τ ) (normalized) has been numerically evaluated for different values of τ in figure 3a . The optimum values for the duty cycle as a function of τ are shown in figure 3b. An interesting result here is that the optimum duty cycle for an ideal absorption grating (τ = 0) is given by κ = 0.371. This value is consistent with a result reported earlier [13] .
The derivative of γ 2 (p 11 , p 2 , σ s ) with respect to p 11 can be set to zero to find the optimum p 11 (or p 1 = ηp 11 ) as a function of p 2 and σ s . An analytical solution exists but is not given here owing to its rather complex form. Instead, figure 4a shows γ 2 (normalized) for different focal spot sizes of the source, w = 2 √ 2 ln 2σ s (full width at half maximum (FWHM)), and for a fixed period p 2 = 2.4 µm of G2. First, this plot shows that there exists an optimum p 1 (black markers) for a given p 2 and source size w. This relation is of high practical importance, because w and p 2 are usually fixed by the available X-ray source and by the smallest achievable absorption grating period. Figure 4b shows the optimum p 11 as a function of the source size w. Second, the plot in figure 4a indicates that, for smaller source sizes w, smaller grating pitches p 1 can be used, which essentially increases the Talbot order for a fixed p 2 . The simultaneous reduction of w and p 1 reduces γ 2 .
For a Talbot interferometer, the optimum strategy is to select the smallest possible period for G2, such that the grating structures are still high enough for an efficient absorption. The optimum duty cycle κ 2 of G2 depends on the transmission factor τ 2 and can be calculated by using equation (3.3) . For ideal absorption properties of G2, the optimum duty cycle is κ 2 = 0.371. The optimum period for G1 can then be calculated by using equation (3.4) for a given source size w. The arrangement length s is finally determined by p 1 , p 2 and by the selected Talbot order m and can be derived by using equations (2.1) and (2.2)
where λ 0 is the design wavelength. For the Talbot-Lau interferometer, the optimization of the geometry is simpler. According to equation (3.5), γ 3 is minimized for the smallest sum of the grating periods p 0 and p 2 . As both gratings normally have the same requirements for the structure height, the fabrication is, apart from the required area, the same. Therefore, the optimum selection is p 0 = p 2 , yielding a symmetric interferometer arrangement (l = d = s/2 and p 0 = p 1 = p 2 ).
For the selection of the duty cycle of G0, it depends on whether one aims at the optimization of the SNR per time or the SNR per dose. In the former case, the previously described optimum of an absorption grating, or κ 0 = 0.371 (for ideal absorption), is valid. In the latter case, the optimization of G0 is theoretically given by κ 0 → 0, as, in this case, the visibility is maximized, yielding the maximum efficiency of the used photons to acquire a phase image. Of course, in practice, this is not a feasible solution, because κ 0 → 0 leads to t exp → ∞. Therefore, κ 0 would have to be selected such that the visibility is high enough to achieve the required SNR per dose.
Polychromatic performance
The design energy of the grating interferometer represents the X-ray energy for which the system geometry is optimized. When using a polychromatic beam, X-rays with an energy other than the design energy undergo a different phase shift in G1 and result in an interference pattern with a reduced visibility. In this section, the effect of a polychromatic beam on the performance of the grating interferometer is quantitatively analysed by evaluating the polychromatic fringe visibility, which is the visibility of the interference pattern prior to phase stepping. The fringe visibility is different from the true visbility of the phase stepping curve; however, they are proportional if an ideal G2 (τ 2 = 0) is used. From the polychromatic visibility, the smallest detectable refraction angle with a polychromatic beam can be obtained by using equation (2.24) , although this is only valid if there is no object in the beam (flat field) [18, 21] . With an object, this is an approximation which neglects the dispersion.
(a) Energy-dependent fringe visibility
For the calculation of the polychromatic fringe visibility (see §4b), first, a wavelength-dependent analysis of the interference pattern is required. The interference pattern is generated by a convolution of the complex transmission function of G1, given by T 1 (x), and the Fresnel propagator P z (x). In the Fourier domain, this can be expressed bŷ
The Fresnel propagator in the Fourier domain is given bŷ
and the transmission function of G1 is defined as
where U 1 (x) is a pulse train function of period p 1 , with a low value of zero and a high value of one. The function φ(λ) is the phase shift introduced by G1, which is dependent on the material and the grating height. Without proof, the Fourier coefficients of T 1,λ (x) are then given bŷ
For a material with a homogeneous refraction index decrement δ (which is assumed here for G1), the phase shift introduced to the wave front can be expressed by φ(λ) = kδ(λ)h 1 ∝ λh 1 , where k = 2π/λ is the wave number, h 1 is the structure height of G1 and the right-hand side has been obtained by using the relationship δ(λ) ∝ λ 2 . As only the two cases of a π/2 and a π -shifting phase grating are considered, the condition φ(λ 0 ) = λ 0 h 1 = η(π/2) finally results in
For the calculation of the fringe visibility, the Fourier transform of the intensity of ψ z,λ (x) is required 
As I z,λ (x) is a periodic function, it has a discrete Fourier spectrum, expressed byÎ z,λ [n] . Equation (4.7) essentially shows that a discrete convolution is necessary to obtain the Fourier coefficients of the intensity pattern. As we are only interested in the zeroth, first and second Fourier coefficients, the convolution can be computed for those points. Without proof, the Fourier coefficients at the odd fractional Talbot order distances (m ∈ {1, 3, 5, . . .}) are given bŷ
The second Fourier coefficient is required for the case η = 2, as, in that case, the fringe period is compressed by a factor of 2. The wavelength-dependent normalized fringe visibility is then given by
Equation (4.9) provides a deep insight into the energy-dependent behaviour of the grating interferometer. For instance, the zero crossings of v(λ), which are located at
can be used to study the spectral acceptance. If the spectral acceptance is defined as the spectral width between the two zero crossings around the design wavelength λ 0 or around the design energy E 0 , respectively, it can be expressed by
The relative spectral acceptance E/E 0 is above 10% for Talbot orders below 20, which indicates that the grating interferometer is highly achromatic. This result is consistent with a result reported earlier, where a sinusoidal proportionality of the interference fringe contrast has been used to calculate the half-width between two zero crossings [14] . Figure 5 shows the fringe visibility as a function of the relative energy E/E 0 and at the first, third and fifth fractional Talbot order for η = 1 and η = 2. The reduction of the spectral acceptance at higher Talbot orders is clearly visible, which confirms the result from equation (4.12). On the other hand, side lobes of the fringe visibility, appearing at higher and lower energies, will also contribute to the signal when using polychromatic radiation. In §4b, it is demonstrated how the energy-dependent fringe visibility, including the side lobes, affects the polychromatic fringe visibility of the grating interferometer.
(b) Polychromatic fringe visibility
The polychromatic fringe visibility can be derived from the polychromatic intensity pattern and its Fourier coefficients, which are given by [15, 22] 
14)
The first factor in the integrand, ω(E), represents the normalized continuous X-ray spectrum with ω(E) = 1. The energy-dependent intensity pattern is given by I E (x) = I λ (x) for λ = hc/E (where h is the Planck constant and c is the speed of light). From the Fourier coefficients, the polychromatic fringe visibility can be calculated as
As the first approximation, the spectrum can be assumed to be a rectangular function with finite support from E 0 − E/2 to E 0 + E/2 and height 1/ E. In this case, the polychromatic fringe visibility can be expressed by
A more realistic selection for the shape of the spectrum is a Gaussian; however, no analytical solution can then be obtained for the polychromatic fringe visibility. Figure 6a shows a plot of the polychromatic fringe visibility as a function of the relative bandwidth E/E 0 (FWHM) of a Gaussian spectrum for different Talbot orders and for η = 1 (dashed lines) and η = 2 (solid lines). In each case, the maximum fringe visibility at E/E 0 = 0 amounts to 2/π = 0.637, which corresponds to the fringe visibility when using a monochromatic beam from a point source. For E/E 0 > 0, the reduction of the fringe visibility is clearly visible. A significant difference can be observed between the polychromatic performance of π and π/2-shifting phase gratings (parameter η), which is discussed in more detail in §4c.
(c) Type of beam splitter grating
The previous results can be used to investigate the properties of a π versus a π/2-shifting phase grating. Using the approximation that the polychromatic fringe visibility is given by For η = 1,Î E [1] can change the sign after a zero crossing in the spectral domain (see equation (4.8b)), leading to negative values which can cause a rapid decay of the mean value ofÎ E [1] , and thus of v poly . In the spatial domain, negative values ofÎ E [1] are equivalent to a shift of the interference pattern by π , causing a fringe contrast inversion. This effect negatively affects the polychromatic performance of the grating interferometer. In figure 6a, which shows v poly for a Gaussian spectrum, the rapid decay for η = 1 is clearly visible (dashed lines). An exception occurs at the first fractional Talbot order (m = 1), whereÎ E [1] is always positive (no fringe contrast inversion), resulting in a slow decay of v poly,η=1 .
For η = 2, no fringe contrast inversion occurs, becauseÎ E [2] cannot be negative in the spectral domain (see equation (4.8c)). Therefore, the decay of v poly,η=2 is much slower than that of v poly,η=1 .
On the other hand, as one of the sines inÎ E [2] is squared, v poly,η=2 initially decays slightly faster than v poly,η=1 . Owing to this effect, v poly,η=1 is slightly higher than v poly,η=2 at the first fractional Talbot order. However, with a maximum gain of approximately 8.5% at a relative bandwidth of E/E = 1, this effect is relatively weak. At higher Talbot orders (m > 1), it is negligible (maximum gain is less than 1%). Figure 6b shows the ratio of the polychromatic fringe visibilities for a π -shifting versus a π/2-shifting phase grating. The plot shows that a π/2 grating slightly outperforms a π grating at the first fractional Talbot order, however the gain is marginal (4.3% at E/E = 0.5). At higher Talbot orders (m > 1), it is recommended to use a π grating. At E/E = 0.5, the gain is 8.8% for m = 3, 75.8% for m = 5 and 477% for m = 7.
Summary and discussion
The smallest detectable refraction angle α min for the Talbot-type and the Talbot-Lau-type interferometers has been analysed. The dependency of α min on the source and detector system (focal spot size, beam intensity, pixel size and detection efficiency) and the parameters of the grating interferometer (periods, duty cycles, beam splitter grating type and non-ideal absorption) have been derived analytically with the aim of optimizing the interferometer geometry. For the Talbot interferometer, α min is minimized for smallest source sizes w and smallest analyser grating periods p 2 . The minimization of p 2 is limited by the grating fabrication technology. For a given p 2 and w, an optimum for p 1 can be calculated by using the methods presented here. The fabrication of the appropriate G1 is usually not a limiting factor. For the Talbot-Lau interferometer, α min is minimized for the smallest sum of p 0 and p 2 , which means that the limitation is also given by the grating technology.
For both interferometer types, the optimum duty cycle for G2 depends on its transmission factor τ 2 . For τ 2 = 0, the duty cycle should be κ 2 = 0.371. The source grating of a Talbot-Lau interferometer has the same optimum, κ 0 = 0.371, if the aim is to maximize the SNR per time. For an optimization of the SNR per dose, κ 0 has to be chosen to yield the required visibility.
The polychromatic performance of the grating interferometer was studied quantitatively by analytically deriving the relationship between interference fringe visibility and photon energy. The spectral acceptance, which is the width of the spectrum between the two zero crossings of the fringe visibility around the design energy, is an indicator of the polychromatic performance. However, side lobes of the fringe visibility showed that the photons with energies outside the spectral acceptance also contribute to the signal and have to be taken into account for a polychromatic beam. For a π/2-shift grating, a fringe contrast inversion occurs at wavelengths outside of the spectral acceptance and for m > 1, which leads to a rapid decay of the polychromatic fringe visibility at higher bandwidths. In general, a π -shift phase grating is more favourable for X-ray beams with a broad bandwidth, except for the first fractional Talbot order (m = 1), where a π/2-shift grating slightly outperforms the π -shift grating.
As α min is, at least for the monochromatic case, independent of the Talbot order for a given source and detector system and for fixed grating periods, the selection of the arrangement length (or the Talbot order) mainly depends on the application. In general, it is always recommended to operate at low Talbot orders, as in this case the spectral acceptance is maximum. Short arrangements (less than 1 m) are favourable for high-resolution applications, where a microfocus source is necessary. The arrangement must be short owing to the low flux of such a tube. Both types-that is, the Talbot-type and Talbot-Lau-type interferometers-are feasible for such a compact arrangement [23] . Two main drawbacks of a compact arrangement are the high divergence of the beam and the typically small space for samples. The former can be solved by using curved gratings [24] . The latter represents a problem owing to the object positiondependent sensitivity [20, 25] , where α min is proportional to the distance from the object to G1. In the extreme case, where the distance between the source and G1 is comparable to the sample size, the position-dependent α min in the sample ranges from σ α = ∞ (at source) to σ α,min (at G1). This problem vanishes for longer arrangements, when the sample size is much smaller than the distance between G0 and G1. A long arrangement (more than 1 m) normally requires a source with high output power and consequently with a larger focal spot, and thus only Talbot-Lau configurations are feasible. Long arrangements with a high-power source usually have a smaller α min than compact arrangements with a microfocus source, because the output power of the source (and thus the beam intensity I 0 ) is typically increased by around three orders of magnitude (i.e. from W to kW), whereas the square of the distance increases by maximally two orders (i.e. from cm 2 to m 2 ).
Achieving high sensitivity with grating interferometer-based phase-contrast imaging on X-ray tubes is still challenging, the technique does not yet allow the higher interaction cross section of the phase compared with absorption to be fully exploited. The challenge is partly given by the critical spatial and temporal coherence (i.e. by the source size and the bandwidth), but also by the currently available grating technology. The development towards smaller grating periods, higher absorption efficiencies and lower attenuation in grating substrates will be crucial to increase the SNR and the gain in CNR compared with absorption imaging.
